The purpose of this study was to examine the 133 xenon washout technique as a viable method for measuring adipose tissue blood flow (ATBF) in swine. Using a total of 32 female Yucatan miniature swine (Sus scrofa), the partition coefficient for 133 xenon in swine subcutaneous adipose tissue was determined and ATBF was measured at rest and under various physiological conditions. These conditions included feeding, anesthesia, epinephrine infusion, and acute exercise. The effects of epinephrine and acute exercise were examined in both sedentary and exercise-trained swine. The partition coefficient value for 133 xenon in swine subcutaneous adipose tissue was 9.23 ± 0.26 mL/ g (mean ± SD, n = 10). The average value for resting ATBF in swine was 3.98 ± 2.72 mL/(100 g tissueؒmin) (n = 19). Feeding increased ATBF by approximately fivefold over fasting values, and isoflurane anesthesia
Introduction
Adipose tissue is a storage site for lipids, and blood flow through this tissue influences both the deposition and mobilization of lipid (Frayn, 1999) . In the postprandial state, adipose tissue blood flow (ATBF) increases, which increases chylomicron delivery to adipose tissue lipoprotein lipase and facilitates triglyceride storage in humans (Simonsen et al., 1990; Coppack et al., 1992; Summers et al., 1996) . Likewise, epinephrine infusion increases ATBF while it activates hormone-sensitive lipase, resulting in lipolysis Samra et al., 1996) . Although numerous animal 1 ; E-mail: gale.carey@unh.edu). The authors would like to extend their gratitude to Tom Oxford and Van Gould for their assistance in animal care, to John Giddings for his assistance with MEDISCINT, and to the UNH Undergraduate Research Opportunities Program, the American Heart Association, and the USDA for their financial assistance. This is Scientific Contribution No. 2103 from the New Hampshire Agric. Exp. Stn.
Received July 19, 2001 . Accepted December 19, 2001 1294 significantly decreased ATBF compared to rest (1.64 ± 1.12 vs 3.92 ± 4.22 mL/[100 gؒmin], n = 10). A 30-min epinephrine infusion (1 g/[kg BWؒmin]) significantly increased ATBF from a resting value of 3.13 ± 2.61 to 10.35 ± 5.31 mL/(100 gؒmin) (n = 12). Epinephrine infusion into exercise-trained swine increased ATBF to the same extent as when infused into sedentary swine. An acute, 20-min bout of exercise significantly increased ATBF in swine, and the sedentary swine showed a larger increase in ATBF than their exercisetrained littermates relative to rest: 7.83 vs 2.98 mL/(100 gؒmin). In conclusion, the 133 xenon washout technique appears to be a viable method for measuring ATBF in swine; our findings are comparable to swine ATBF values reported using the microsphere method and are consistent with values reported in animal and human studies.
studies have examined adipose tissue metabolism at the subcellular, cellular, and intact tissue levels, few have examined this metabolism in light of ATBF due to paucity of viable techniques.
The 133 xenon washout technique is advantageous over other methods that measure ATBF because it is safe, less costly, and can be used on conscious subjects; it has been primarily used in humans (Larsen et al., 1966; Crandall et al., 1997) . This technique measures the disappearance of locally injected 133 xenon, which partitions into the lipid component of adipose tissue; the faster the disappearance of the isotope, the higher the blood flow through the tissue.
The purpose of this study was to examine the 133 xenon washout technique as a viable method for measuring ATBF in miniature swine. In this study, we determined the partition coefficient for 133 xenon in swine adipose tissue and we measured ATBF under various physiological conditions compared to rest. These conditions included feeding, anesthesia, epinephrine infusion, and acute exercise. In addition, the effects of epinephrine infusion and acute exercise on ATBF were examined in both sedentary and exercise-trained swine.
Materials and Methods

Animals
Thirty-two female Yucatan miniature swine (Sus scrofa) were used for this study, approved by the University of New Hampshire IACUC (Protocols 990202 and 010203). Swine were bred and raised at the UNH Burley-Demeritt Swine Facility in Lee, NH. They were housed eight per pen and group-fed miniature swine ration (Agway, Syracuse, NY) twice daily. The age of the swine was 5.75 ± 0.77 mo old (mean ± SD, range = 5 to 8 mo) and body weight was within the normal range of 23.4 ± 4.7 kg (mean ± SD, range = 16.3 to 33.6 kg) at the time of experimentation.
Determination of Partition Coefficient
The partitioning of 133 xenon into swine subcutaneous adipose tissue relative to blood was determined using the method of Bü low (2001) . Subscapular adipose tissue, approximately 4 cm from the midline, was biopsied to obtain at least 400 mg of subcutaneous adipose tissue (both layers). Tissue was weighed and dried in an oven at 38°C until the weight did not change (∼70 h) and the percentage weight of water in the tissue was calculated. The dried tissue was then extracted three times with a total of 20 mL of methanol-heptane-chloroform (1.4:30:40) solution. The tissue extract was placed in a preweighed tube and evaporated to dryness and the tube was weighed to obtain the percentage weight of lipid. The percentage protein was 100 − (% water + % lipid). The partition coefficient (mL/g) was calculated using the Ostwald solubility coefficients of xenon in protein (Sp) = 0.149 mL/g, water (Sw) = 0.071 mL/g, lipid (Sl) = 1.84 mL/g, red blood cells (Srbc) = 0.266 mL/ mL, and plasma (Spl) = 0.092 mL/mL (Chen et al., 1980) , as follows:
The numerator is the concentration of 133 xenon (mL/ g) in protein, water, and lipid components of adipose tissue and the denominator is the concentration of 133 xenon in blood (mL/mL). Hematocrit (Hct) was assumed to be stable at 45%. This procedure was performed with adipose tissue from 10 swine and samples were analyzed in duplicate.
Measuring Resting ATBF
Ten millicuries of 133 xenon gas (Dupont/Syncor, N. Billerica, MA) was solubilized by adding 1 mL saline to the vial and waiting a minimum of 30 min (xenon solubility is ≅ 1%). Using a 25G half-inch needle, 100 L 133 xenon solution was removed and slowly injected at a 45% angle into the subscapular subcutaneous adi- pose tissue of overnight-fasted (18 h) swine suspended in a sling. After a 30-min equilibration period, a cesium iodide detector was positioned on the injection site and securely fixed in place using 3M duct tape. The detector was part of the MEDISCINT system (Oakfield Instruments, Eynsham, U.K.) and measured 133 xenon level every 10 s (Samra et al., 1995) . After recording the 133 xenon level for 30 min, resting ATBF was calculated using the following equation: ATBF (mLؒ100 g tissue 
Measuring ATBF Under Various Physiological Conditions
Feeding. To test the hypothesis that feeding increases ATBF in swine, ATBF was measured in four swine over 2 d. On the 1st d, resting ATBF was measured ∼2 h after the morning meal; on the following day, resting ATBF was measured after an overnight fast.
Anesthesia. To test the hypothesis that anesthesia reduces ATBF in swine, ATBF was measured in 10 swine that had been fasted overnight. After resting ATBF was monitored for 30 min, the pig was masked to receive a mixture of oxygen and 3.5% isoflurane at a flow rate of 1 to 1.5 L/min, and ATBF was monitored for the next 30 min.
Epinephrine Infusion. To test the hypothesis that epinephrine infusion increases ATBF in swine, ATBF was measured in 12 swine that had been fasted overnight. After resting ATBF was monitored for 30 min, the pig was intravenously infused with epinephrine (1 g/ [BWؒmin] into the ear vein) for 30 min and ATBF was measured.
Epinephrine Infusion and Influence of Exercise Training.
To test the hypothesis that epinephrine infusion of exercise-trained swine increases ATBF compared to sedentary swine, ATBF was measured in eight pairs of swine that had been fasted overnight. One member of each pair had begun an exercise-training regimen at 3 mo of age that lasted for 12 wk (Carey and Sidmore, 1994) ; each littermate remained sedentary. Exercise consisted of running on a treadmill 5 d per week, with the exercise sessions gradually increasing in length and intensity over the course of the training. By the end of 3 mo, swine were running 45 min at 7.5 to 9 km/h. The procedure for infusing epinephrine and monitoring ATBF was the same as described above.
Acute Exercise and Influence of Exercise Training.
To test the hypothesis that acute exercise increases ATBF in both sedentary and exercise-trained swine, ATBF was measured in five littermate pairs of swine that had been fasted overnight. One member of each pair was subjected to a modified exercise-training schedule in which swine began exercising at 3 mo of age but trained for 8 rather than 12 wk. The goal remained for swine to run for 45 min at 7.5 to 9 km/h by the end of the training. On the day of the ATBF experiments, resting ATBF was monitored for 10 min. Swine ran for 5 min at ∼5 km/h on the treadmill. After this, ATBF was monitored while swine performed a 20-min session of exercise on the treadmill, running at speeds ranging from 5.5 to 6.4 km/h. Sedentary littermates also performed the exercise bout, after being acclimated to the treadmill on the previous day.
Statistics. The experimental unit for this study is the swine. Analyses were performed using Systat software (v. 10, SPSS, Chicago, IL). One-tailed, paired t-tests were performed to test the hypotheses that feeding increases ATBF, anesthesia decreases ATBF, and epinephrine infusion increases ATBF, relative to control. To test for the effects of exercise training, a repeated measures design was analyzed as a split plot with exercise as a main plot and epinephrine infusion (Figure1A) or acute exercise ( Figure 1B ) as subplots. P-values less than 0.05 were considered significant.
Results and Discussion
Current techniques for measuring adipose tissue blood flow are microspheres, laser Doppler flowmetry, and 133 xenon washout. In the microsphere method, radioactive microspheres are injected into the heart and become trapped in tissues throughout the animal. Blood flow is calculated by comparing radioactivity in adipose tissue with that in blood (Mersmann, 1989; Bü low, 2001 ). Injecting sequential doses of different isotopic labels allows monitoring at several times in multiple depots and organs but requires anesthetizing, then killing, the animal. Laser Doppler flowmetry uses monochromatic laser light to measure red cell flux within blood vessels in adipose tissue. Only a small tissue region is sampled, and values are in millivolts, which cannot be compared with the standard ATBF units of mL/(100 g tissueؒmin) (Klassen et al., 1996) . The 133 xenon technique is preferable to either of these two because the MEDISCINT system allows for continual monitoring of subcutaneous adipose tissue blood flow and calculation of values in mL/(100 g tissueؒmin); most importantly, it can be used on conscious subjects.
Use of the MEDISCINT system to measure ATBF in swine proved to be relatively straightforward. The 133 xenon injection process was not compromised by animal movement because the animals relaxed once they were placed in the sling.
In order to calculate ATBF, we determined the partition coefficient for 133 xenon in swine subcutaneous adipose tissue using adipose tissue from 10 swine. The average partition coefficient value for 133 xenon was 9.23 ± 0.26 (SD) mL/g. This value is similar to the accepted value for humans at 10 mL/g (Larsen et al., 1966) . The lack of significant pig-to-pig variation in this value precluded the need to determine the partition coefficient in every animal.
Resting ATBF
Using a partition coefficient value of 9.23 mL/g, the average value for resting ATBF in swine using 133 xenon washout technique was calculated to be 3.98 ± 2.72 mL/ (100 g tissueؒmin) (n = 19). This value is comparable to the resting ATBF value obtained using microspheres in crossbred male swine (1.9 to 4.9 mL/[100 g tissueؒmin], Mersmann, 1989) , in 10-d-old miniature swine (6 mL/[100 gؒmin], Jamieson et al., 1984) and in 14-wk-old anesthetized swine (16 mL/[100 gؒmin], Lundeen et al., 1983) . There was significant pig-to-pig variation in resting ATBF measured with 133 xenon washout, which ranged from 0.48 to 9.04 mL/(100 gؒmin). Variance between subjects is also typical in human experiments measuring ATBF; Summers et al. (1996) found a range of 0.56 to 10.41 mL/(100 gؒmin). Although within-subject variation has yet to be determined in swine, in the human study there was more variation in ATBF on different days than within the same day for a given subject.
ATBF Under Various Physiological Conditions
Feeding. Adipose tissue blood flow was significantly higher in swine in the fed state than in swine in the fasted state (P = 0.05). The average resting ATBF for fasted swine was 1.79 ± 1.84 mL/(100 gؒmin), and the average value for ATBF in these swine 2 h after feeding was 10.11 ± 10.93 mL/(100 gؒmin) (n = 4), a fivefold increase. This increase in ATBF would deliver substrate, primarily glucose, to the swine adipose tissue for de novo fatty acid synthesis. In humans, an increase in ATBF is typically seen after ingestion of either an oral glucose load or a mixed meal (Simonsen et al., 1990) .
Anesthesia. Swine had significantly lower ATBF under anesthesia compared to their ATBF in the unanesthetized state: 1.64 ± 1.12 mL/(100 gؒmin) (n = 10) vs 3.92 ± 4.22 mL/(100 gؒmin), respectively (P = 0.0575). Therefore, anesthesia reduced ATBF to 42% of the value for normal resting ATBF (Figure 1 ). This is consistent with another study exploring the effect of isoflurane on ATBF using the microsphere method in swine, in which ATBF was found to decrease in a dose-dependent manner with isoflurane anesthesia (Lundeen et al., Figure 1 . Adipose tissue blood flow in sedentary and exercise-trained swine. Swine were exercise-trained or remained sedentary for 8 to 12 wk, after which xenon washout was measured, as described in the Materials and Methods section. 1A: Swine in both groups were infused with 1 g/(kg BWؒmin) epinephrine and ATBF was measured for 30 min (n = 8 in each group). 1B: Swine in both groups ran on a treadmill at an average of 6.2 kph and ATBF was measured for 20 min (n = 5 in each group).
1983). Possible mechanisms for the isoflurane suppression of ATBF include decreased aortic pressure and decreased cardiac output (Lundeen et al., 1983) .
Epinephrine Infusion. A 30-min epinephrine infusion significantly increased ATBF from a resting value of 3.13 ± 2.61 to 10.35 ± 5.31 mL/(100 gؒmin) (3.3-fold increase) in 12 sedentary swine. Similar results have been found using microspheres in swine (Jamieson et al., 1984; Mersmann, 1989) and 133 xenon washout in humans .
Epinephrine Infusion and Influence of Exercise Training.
A 30-min epinephrine infusion significantly increased ATBF from an average resting value of 3.90 to 10.92 mL/(100gؒmin) ( Figure 1A , n = 16). There was no effect of previous exercise training on ATBF at rest or during the epinephrine infusion. It should be noted that there was no significant difference in average body weight between the exercise-trained and sedentary swine (23.5 vs 23.9 kg, respectively), although the exercise-trained swine had a lower backfat thickness (1.31 vs 1.51 cm, respectively, P = 0.05).
Acute Exercise and Influence of Exercise Training.
A 20-min bout of exercise significantly increased ATBF in swine, whether they were exercise-trained or sedentary. In sedentary swine, the increase in ATBF was from 4.13 to 11.96 mL/(100 g(min); in exercise-trained swine the increase in ATBF was from 4.17 to 7.15 mL/ (100 gؒmin) ( Figure 1B) . Although there was no significant effect of previous exercise training, the sedentary swine showed a greater absolute increase in ATBF due to the acute bout of exercise in comparison to their exercise-trained littermates. Hematocrit was not measured after exercise; therefore, the ABTF calculation did not reflect any change in hematocrit as a result of acute exercise; a 1% increase in hematocrit would increase ATBF by ∼1%. As with the epinephrine study, there was no significant difference in average body weight between the two groups of swine (backfat thickness was not measured).
Adipose tissue is well-vascularized, and the number of capillaries per unit of cytoplasm is greater in adipose tissue than in skeletal muscle . Given this, and the intimate relationship between ATBF and adipose tissue metabolism, the 133 xenon washout technique will be a useful method for investigations into integrative, intact adipose tissue metabolism.
Implications
Investigations into adipose tissue metabolism in vivo advance our understanding of adipose tissue accretion and animal growth. An important component of intact adipose tissue metabolism is adipose tissue blood flow.
However, the most commonly used method to date, the microsphere method, requires killing the animal. A safer, less costly method that can be used on conscious animals is the 133 xenon washout technique, which has been used extensively in humans. This study demonstrates the 133 xenon washout technique is a viable method for measuring adipose tissue blood flow in swine and may be a useful tool for animal biology researchers.
